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INT RODUCfl~ 
Throughout the years lime-induced chlorosis has contri:b.tted to 
untold economic losses. Although this disease has challenged the 
technical ingerrui ty of oHtstanding plant and soil scientists, the 
exact cause has never been determined; consequently, no p~entative 
measures or permanent cures can, as yet, be recommended. This physi o-
logical nalady, unchecked, continues its rampage in regions where the 
disease is prevalento 
The problem is of wide significance because calcareous soils are 
distributed throu~hout the worldo It is of primacy concern to us because 
the majority of the land of western United States is of this typeo An 
estimated 500,000 acres ot· crops growing on lime soils are Sttbject to 
moderate and severe chlorosis in the western states aloneo This 
disease is characterized by an interveinal yello~in~ of the leaves at 
the meri stemati c region combined with reduction of growth and vigor 
of the plant as a whole. ?~ild chlorosis induces marked reductions in 
crop yields, and severe cases are associated with die-back of terminal 
growth and ultimate death of the plant. Since a great variety of plant 
species are sttscepti ble to this disease, plant growers of all types have 
been continually faced with this physiological problemo Great monetary 
losses result from damage to fruit trees and also to landscape and 
ornamental plants because of their high aesthetic value. 
This form of iron deficiency is unique in that examinations reveal, 
with exceptions, that the soil and plants contain arr;ple quantities of 
iron for optimtm plant gro~tho The iron appears to be inactivated 
~ithin the plant so as to impair proper functionin9. An acided peculiar-
ity is the fact that chl oroti c conditions are not stable as they vary 
from year to year anrl even from day to day wi th chang! ng conditions in 
climate and soil. The problem has mruly complexities such as chlorotic 
ruld non-chlorotic pl ants of tr£ same variety gro~ing side by side in 
the field. 
Although no single factor has 9iven a~ adequate explanation for 
this physiological disease , many factors have been associated with its 
causeo Instances have been ci tee! in the 1i terature to the effect that 
calcareous soil conditions characterized by fine texture, hir;~h moisture 
content, poor aeration, and cool temperature intensify the development 
of chlorosis in plantso {Thorneet.alo, 1950)o The atove conditions 
contria1te to increased C02 solubility with a conse~1ent rise in pH and 
HC03 concentration of the soil solution. This increase in HC03 concentra-
tion is even mo re markeci in tr,e immediate re gion of plant rcots where the 
co2 gradient is the highest . Observations have inci icated tr.at the HC03 
is the predominant anion on the external surface of the root, and as 
such, woul d be inhibitory to outwarG. diffusion of co2• Higher levels 
of OC03 mai ntai neci a t. tl1e r ool surface are equivalent to higher levels 
of C02 pressure at art elevated pHo Overstreet ::.!•al. (1942) pointed 
out that respiratory activity is essential for the process of salt 
accurr~lation by roots; hence, it is concei vable that the respiration 
and other processes would be disrupted if the end- product of respiration 
is intensifi ed in the absorbing cells . Miller (1954) found marked 
inhibition of respiration of excised bean roots in the presence of 
l£03o 
• 
The foregoing observations suggest that the build- up of toxic 
concentration of HC03 in the immediate vicinity of the roots intensify 
the onset of lime-induced chlorosis. It is the obJective of this 
research to shed further 1i ght on the role l-CQ3 and pH in lime-induced 
chlorosiso 
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REVIEW OF UTERATIJRE 
General Factors Associated ~ Lime-induced Chloro~is 
A vast source of literature is available on th~ problem of 
chlorosis. Those factors having a di rect bearing on HC03 and re-
lated effects will be considered of primary iP~ortance in this 
paper . Therefore , only a hrief resume' will be ni ven of the general 
factors related to this problem. 
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The observed facts associated with lime-induced chlorosis as 
reviewed by Thorne ~· !!• (1950) are as followst (1) The disease 
occurs on soils having alkaline react! ons and high lime content. 
However, no distinct difference in soi 1 pH and per cent lime have been 
found bet'Meen soil areas where plants are green and adjacent areas 
where they are chlorotic. (Z) Fine soil texture, high soil moisture 
content, poor soil aeration, and cool soil temperature favor the de-
velopment of chlorotic leaves. {3) In some cases the soils are high 
in soluble phosphates. (4) The chlorotic leaves generally have a 
hi gher potassium:calcium ratio, a higher content of total and soluble 
nitrogen, and a higher content of some of the organic acids than green 
leaves. · (5) The affected leaves of deciduous trees are usually lo'Wer 
in both acid soluble and ferrous iron. (6) In sHch plant species as 
metabolize citric acid, several ti1es more citric acid may ocatr in the 
chlorotic leaves than in healthy ones, the amount present being directly 
correlated 'With the severity of the diseaseo 
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~ Importance of E! ~ Chlorosis 
Gile and Carreo (1916 and 1920) supported the hypothesis that 
chlorosis \Jas caused from the lack of available iron resulting from 
the high pH values existing in calcareous soils. The pH-aeration 
interaction in calcareous soils has a decided influence upon the pre-
valence of available iron. Excessive soil moisture in calcareous soils 
is paralleled by an increased pH from hydrolysis of the calcite and 
dolomite constituents (Haas, 1941; Troug, 1951). This increased pH in 
conjunction with the oxidative soil air enruu1ces precipitation of the 
ferric _iron, "With a consequent reduction in concentration of its 
readily available form (Thorne and Wallace, 1944)o 
Haas (1942) fow1d that the length of time the roots of a tree in 
a calcareous soil are subjected to a given pH is an important consider-
ation in the problem of chlorosis. Franco and Loomis (1947) and 
McGeorge (1951) have also observed the occurrence of chlorosis when the 
hydrogen ion concentration of the growth media is lowo Ho"Wever, Epstein 
and Stout (1951) found no association l-Iith a wide ran~e of hydrogen ion 
concentrations and the uptake of iron by tomatoes grown in a bentonite 
mediumo 
Investigation of Rediske and Biddulph (1953) on the absorption 
and translocation of iron in beans further substantiated pH influences 
on iron immobilityo It was found that the rate of redistribution of 
injected iron within the plant depends on the pH of the nutrient 
media, the amount of phosphorous available to the plant, and the 
concentration of the iron in so~utionso At pH 4~.0 and low phosphorous, 
the iron entered the plant and was rapidly distriruted throughouto 
When the phosphorous concentration was kept the same with the pH 
increased to 7oO, the iron entered the veins but not the mesop~llo 
A pH of 7o0 with high phosphorous resulted in a precipitation of 
ferric phosphate on the surfaces of the roots. Rediske and Biddulph 
contend there are no great dissimilarities between the precipitation 
of insolHble materials on the root surfaces and the similar apparent 
accumulation of insoluble materia ls in the veins. It would appear 
that some of the hydroxyl ions are penetrating the root membranes 
and influencing the vein extremities. 
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Several investigators have found that the pH of the nutrient 
solution had no significant effect on the pH of the expressed sap of 
either roots or aerial portions of the plant (Arnon and Johnson, 1942; 
De Kock, 1955). Small (1946) pointed out t ha t the external influences 
on the pH of the expressed sap depend largely on the b.tf fer capacity 
of the sap, and that plants vary considerably in this respect. 
Chang and Loomis (1945) found that aeration with COz caused reduced 
absorption of water and essenti al nutrient elements . They suggested 
that the toxic effect of C02 on plant protoplasm is associated with 
its specific ability to change the internal pH of the cells and to 
fo~ hydrogen-bond compound with proteins. 
Recent work of Baxter and Belcher (1955) indicated that t he root 
sap of orange trees growing on alkaline soil had a lower hydronen ion 
concentration than sap from tree roots growing on acid soil. Where 
soil contains lime there was a further decrease in the hydrogen ion 
concentration of the r oot sap. Roots from chlorotic orange trees rad 
t he highest internal pH; furthermore, the buffering capaci ty of the 
various saps increased in the same di rection as the pH. The buffer 
capacity of the chlorotic trees was very hi gh in the range pH 6 .Z-6o4o 
7 
High buffer activity at this pH range coincides with the buffer action 
of the bicarbonate ion which vould indicate an acCUJmtlation of this ion 
in the roots of chlorotic trees. This supports the vork of Smll vhere 
he stated that in general the pH of the sap vas raised by liming the soU, 
and the pH of root sap was affected more than that of stems. 
A differentiation of pH's in various plant tissues is known to 
exist. An interesting and practical applicati6n of this knowledge 
could disclose a conceivable explanation of lime-induced chlorosis in 
the presence of sufficient iron in the soil. Loehwing {1930) investi-
gated chlorosis of vheat plants and found the degree of chlorosis to 
increase after periods of intense sunshine. He observed ~mt wheat 
plants grown on limed hunus sol 1 in full sunshine vere chlorotic and 
lacking in iron, whereas similar plants grown on the same soil in shaded 
conditions showed a much lesser degree of chlorosiso A direct and exact 
relationship between the hydrogen ion content of tissue fluids and the 
soluble iron content of leaves vas shown to exist by Ingalls and Shive 
(1931) o They fotmd that the pH of the tissue fluids of stems and leaves 
increased mtring the day and decreased at night. With increasing pH, 
the total iron increased and the soluble iron decreased. This suggests 
a precipitation of iron along the paths of translocation. Precipita-
tion at some distance m.~ay from the point of entry would lead to 
continued absorption with a consequent rise in total iron content, 
and proOObly increase in the insoluble/soluble iron ratio. However, 
Oserkowsky {1932) found no significant difference existing between the 
pH and the iron concentrations in the extracted tracheal sap of green 
and chlorotic branches from pear trees in the same orchard. 
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The work of Rogers and Shive (193l) has shown a direct correlation 
between the pH of the composite tissue fluids of plants and the amount 
of total and soluble iron contained in the tissue. In general, as the 
pH of the composite tissue fluids increased, the total iron content in-
creaseq and the soluble iron decreasedo The highest pH values of sped-
fie tis~tes oc~1rred in the phloem, with the cortex only slightly lower; 
and the lowest pH in the xylem. Steep pH gradients always occurred 
between tne xylem and phloem. Iron acettmul.Rti ons ttsually occurred in 
high pH tissue lying adjacent to relatively low pH tissue t.~i th a steep 
pH gradient betweeno Plants t.~ith low pH tissue throu~1hout contained no 
iron accumulation, and the iron seemed unifon1ly distributed in all 
tissueso The main channel for iron movement from the roots to the 
leaves was the xylem. 
Bicarbonate Influences on Chlorosis 
-
Thorne (1941) found no relation between the degree of chlorosis · 
and calcium carbonate content of calcareous soil, but he did observe 
that chlorosis was correlated with the degree of compaction prevalent 
in the soil. Since this compaction would depress gaseous interchange 
~ 
and facilitate CQz accumulation, it is conceivable that the chlorosis 
was induced by a ruild up of HC03 at the soil-root interface. 
Heller ~o al. (1940) noted that NaHC03 added to the nutrient 
solution used for irrigating sand-cultured tomatoes was more harmful 
than addition of equimolar quantities of NaClo Harley and Lindner 
(1945) observed that irrigation water relatively high in HC03 would 
induce chlorosis in apple and pear trees and that subsequent irriga-
tions of water lmo1 in H:Q3 tended to alleviate the chlorotic condi tiono 
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Jl".arked differences were observed in the tolerance of different species 
to NaHCo3 in irrigation water by Wall and Cross (1943). Carnations were 
observed to be virttally insens itive, whereas chrysanthemums were found 
to be extremely intolerant, developing intense chlorosis even at low 
concentrations of NaHC03o 
Gauch and Wadleigh (1951) also noted marked vari at ions in toler-
ance of different plant species to NaHC03 in culture solution. Severe 
chlorosis vas developed in Dallis grass in the pre~ence of 12 me./lo 
HC03 whereas Rhoades grass was insensitive to the same treatment. When 
these grasses were grown in solution cultures adjusted to a pH of 8o0 
with NaOH but containing no HCOj, chlorotic effects were not di splayed 
by either planto Wadlei gh and Brown (1952) observed that garden beets 
grown in HC03 treated solut~ons were less affected in growth and 
mineral composition than numerous other species. From the foregoing 
it is evident that HC03 has differential effects upon plant specieso 
Steward and Preston (1941) studied the effect of pH and components. 
of the HC03 buffer system on the metabolism of potato discs ru1d their 
ability to absorb ions. It was noted that the 11:03 more than any other 
component of the ruffer syste1n suppressed the uptake of the bromide iono 
They further observed that increasing concentrations of KHC03 progress~ 
ively depressed protein synthesis and oxidase activity and commented 
that "this is the only case yet encountered in these investigations 
in which an increased concentration of a potassium salt decreased the 
respiration and metabolism of potato discs. It is therefore evident 
that this effect is due specifically to HC03o" Their data, however, 
showed that potassium was absorbed at even higher concentrations of OC03 
than t hose at which protein synthesis and bromide absorption was suppress~d. 
The chemical status of bean plants afflicted with bicarbonate-
induced chlorosis vas studied by Wadleigh and Brown (195Z)o Dwarf 
10 
Red Kidney beans were grown in sand cultures irrigated with standard 
nutrient solutions supplied with varied aznounts of HC<J3. Increase of 
the 1£~ was concomitant with marked inhibition of growth and increased 
intensities of chlorosis. The increased HC03 treatments effected a 
lower iron "activi ty 11 and calcium content of the leaves with an enhanced 
potassium content. An accurulation of citric acid was observed in the 
leaves showing intensified chlorosis and was found to be directly 
correlated with the potassium content. In conclusion, they suggested 
that the primary effect of tfie IJ;Oj ion was through its effect on the 
protoplasmic consistancy of the absorbing cells of the roots so that 
these bean plants showed an accentuated acCWIUlation of monovalent 
cations and a depressed accumulation of divalent cations. The work 
of Wadleigh and Brown (1952} corroborated the findings of lljin (1951, 
1952), Lindner and Harley (1944), and DeKock and Hall (1955). 
Jacobs (19Gl) found that enhanced C02 pressures on cells changed 
the protoplasmic consistency, and his data indicate that the permea-
bility of bean roots to monovalent ions was enhanced l::ut that 
permeability to divalent ions was depressedo 
The more recent work of Lindsay and Thorne (1954) showed that the 
soil solutions from chlorotic areas had a higher concentration of :OC~ 
and ea++ + Mg++ than d1 d soi 1 solutions from adjacent areas where the 
foilage was green. In solution culture studies it was found that OC03 
reduced the movement of radio-iron into the leaves and stems and 
accentuated its acCU.Illlation in the rootso The chlorosis in JI:O! 
treated rultures increased with increasing amounts of oxygen in the 
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aeration stream. This condi tlon was accompanied by reduced movement of 
iron to the leaves, lower chlorophyll content, and reduction in growth 
of the plant. Marcour (1952) showed re~tlts in agreement with Lindsay's 
work. He o:tserved OC03 to depress the uptake of iron and the forma-
tion of chlorophyll very severely. He stated that the iron uptake 
seemed to be slowed down by the presence of f£03 at the surface of the 
root and that the iron already present in the cell was more or less 
immobilized. 
The work of DeKock (1955) also substantiated the findings of 
Lindsay and Thorne {1954) . He observed that translocation .of iron to 
the stems is clearly affected by o><ygen supply to the roots of plants. 
Plants aerated with 1 per cent oxygen contained much more iron than 
plants receiving 20 per cent oxygeno He found the severity of chloro-
sis to increase with additions of OCQ3, whereas reductions of oxygen 
supplied to the roots alleviated the chlorosis. 
These studies have indicated that the increase of plant chlorosis 
frequently associated with poorly aerated conditions cannot be primarily 
attributed to a reduced oxygen level at the roots. 
Since oco3 systems are well ntffered in the alkaline range, and 
since iron solubility decreases rapidly with increasing pH, it was 
questioned whether the HC03 was the effective variant inducing chloro-
sis or whether it was in part a pH induced chlorosiso Porter and Thome 
( 1955) employed the well known Henderson-Hasselbach equation to evaluate 
the relative effects of HCQ3 and pH on chlorosis development and nutrition 
of bean and tomato plants grown in nutrient solutions. Treatments of 
constant pH with varied ~' and varied pH with constant H:03 content 
were employed by varying independently the HC03 content of the nutrient 
solution and the C02 content of the aeration strearoo Their data showed 
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that the OC03 had a very pronOWlced effect aver and above that of pH on 
the intensity of chlorosis and grOlolth of bean and tonato plants. This 
tends to verify the adverse effect of lC03, and not the pH, upon plant 
growth and the expression of lime-induced chlorosis symptoms. 
In further confirmation of the 1£~ ion as a causitlve factor in 
lime-induced chlorosis, Miller and Thorne (1956) studied the direct 
inhibitory effect these ions had upon oxygen consumption of excised 
roots of several plant specieso The oxygen consumption of plants 
susceptible to lime-induced chlorosis was shown to be markedly 
reduced by 1£~, the inhibitory effect increasing with time aiXl JiCO! 
concentration. The H005 had a lesser effect on respiration of non-
susceptible plant species, and showed little response to time and 
concentration. The inhibition of oxygen uptake by carbon monoxide 
was observed to be reversed by light; however, this was not noted in 
the presence of HCD3. This suggests a specific effect of HC03 on the 
~tochrome oxidase enzyme ~stem. 
Brown (1953) indicated that plants appearing to have iron-
mediated metabolic ~stems are ~•sceptible to lime-inrntced chlorosis, 
and are relatively resistant to copper deficiency. Copper-mediated 
metabolic systems seem to predominate in many plants not susceptible 
to chlorosis. The pronounced effects of HC03 on chlorosis-susceptible 
plants further suggests that the principle oco; effect may be on iron 
enzyme systems and tmt copper ensyme systems would be affected to a 
Plch lesser degreeo 
The foregoing review of material poses several questions: (1) 
are the bicarbonate anions in nutrient solutions interrelated with the 
metabolic fractions of plant; (Z) if so, is the susceptibility of 
plants to bicarbonate-induced chlorosis a function of their capacity 
to exclude IC03? 
In studies using radio-active carbon, Overstreet !!o al. (1940) 
found that excised barley roots did not absorb appreciable quantities 
of ~ from solution. 
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Kadry (1954), working with cl4 labeled HDD3 and intact plants, 
demonstrated that a number of plants absorb HD03 readily from solution 
cultures.. Autoradiograms from this work revealed that the HCOS 
derived cl4 was absorbed in noticeable quantities from the nutrient 
solutions; that the cl4 accurulated at regions of high metabolic 
activity; and that White lupine plants, which are markedly susceptible 
to chlorosis, exhibited the highest concentration of cl4o This work 
further substantiates the postulate that HCQ3 derived Cl4 is absorbed 
via the plant root system, and enters into the metabolic aciivitles 
of chlorosis-susceptible plant species. However, since the possibility 
of isotopic exchange exists, cl4 uptake could be accounted for without 
a net increase of HC03 in the cells; hence, the cl4 count gives no 
real measure of IC~ as such in the plant. 
The more recent work of Baxter and Belcher (1955) indicated that 
the internal en vi roruuent of chlorotic citrus roots was disturbed by 
accuJilllation of lCOj with its resultant effect on the hydrogen ion 
concentration and buffer capacity of the sap. 
GENERAL EXPERIMENTAL METHODS 
Inasmuch as the two separate experiments which were carried out 
will be discussed individually, only those methods applicable to both 
will be included in this sectiono 
14 
It was desirable in these studies to utilize both chlorosis resis-
tant and chlorosis susceptible plant species; hence, Red Kidney bean 
and Kingscrost KY7 qybri d corn were selected as the susceptible and 
resistant species respectively. The plants were started and grown 
in 'We ll drained pans of f ine crushed gravel unti 1 they were 3 to 4 
inches high with root systems sturdy enough to withstand transplanting. 
The normal, uniform plants were then moved to gallon jars of nutrient 
solution where t hey were maintai ned until harvest. These jars were 
painted black to prevent algal growth within. Each jar contained three 
plants ttat were composi ted as one treatment. The plants were supported 
by split corks padded with cotton and held in waxed paper lids so that 
the roots could extend to the nutrient solution below. All jars were 
aerated at a fairly uniform rate by forcing air into the solution through 
small glass tubing drawn to a fine capillary at the end. 
The nutrient sol'ttions used were modifications of those suggested 
by Hoagland and Amon (1950)o The solution used for beans conta ined 
5 meo/lo Ca(N03)z, loS meo/lo KN~, 2 me. / lo MgS04, 0.5 mee/lo KHzPOq, 
and minor element as suggestedo Since the above mentioned solution did 
not give satisfactory results on corn, full strength Hoagland's number 
two solution with suggested minor elements was utilizede Supplementa~ 
quantities of iron were added every other day to maintain plants in a 
healthful condition. Nutrient solutions were changed at 5 to 6 
day intervals. Tap water was utilized in preparing the nutrient 
solutions until treatments were applied at which time distilled water 
was used. 
Since it was necessa~ to have large healthy plants at a uniform 
15 
stage of development, the experimental variables were not applied until 
2 days prior to harvest. The treatments consisted of four levels of 
bicarbonate at a constant pH, and four levels of pH at a constant 
bicarbonate level. They are as follows: 0, 10, 30, and 50 me./1. NaHC03 
at pH 7o8; and pH's of 7.3, 7.5, 7.8, and 8.3 with 10 me./lo NaHC03. 
The pH of solution cultures can be held constant 1o1ith different 
bicarbonate concentrations ~ aerating with the required proportion of 
carbon dioxid~ in the aeration mixture. The pH can also be varied 
with a constant bicarbonate concentration by similar changes of the 
carbon dioxide pressure in the solutions. 
By using the Henderson-Hasselbach equation and the solubi U ty of 
carbon dioxide from its partial pressure (Umbreit et. &o, 1945), the 
relationship of the bicarbonate anion concentration to the pH and the 
carbon di oxide presS\tre 1 n a water system can l:e expressed: 
where pH • negative logarithm of H • ion activity - moles/1. 
pK • first dissociation constant for carbonic acid • 6.317 at 3aoco 
(H003) • bicarbonate ion activity - moles/lo 
P • atmospheric pressure 
oc: • solubility of carbon dioxide - ml/mlo 
Pc0z • carbon dioxide pressure - per cent 
from the above equation, it 1o1as calculated that aeration streams of air, 
1,3, and 5 per cent carbon dioxide would be re~tired in maintaining 
the desired treatments. The carbon dioxide mixtures ~ere prepared ~ 
pumping 0, 10, 30 and 50 pounds of carbon dioxide gas respectively 
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into empty pressure tanks, and then filling them to 1000 pounds pressure 
with air. 
Once the experiment variables had been applied, the pH of each 
solution was adjusted every 12 hours until harvest by addition of 
dilute 1-Cl or NaOH. The pH determinations were made with a Beckman 
Model H-2 pH meter while the solution was agitated by a mechanical 
stirrero 
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EXPERIMENTAL WORK - BICARBONATE STUDIES OF EXPRESSED PLANT SAP 
This work was initiated in June of 1956 with a two-fold objective' 
(1) to measure the concentration of HCOj existing as such in the cell 
liquids of intact plants in relation to the HCOj concentration of the 
growth media; (2) to determine whether or not a difference of HC03 
concentration exists between the cell liquids of susceptible and non-
susceptible plant species under varied HC03 levels of the growth media. 
METHCOS 
Plants were grown as described earlier and the different HCOj 
and pH treatments were applied 2 days before harvest. Inunediately 
after harvest of the roots, sap was expressed under mineral oil and 
stored in a refrigerator. The harvesting procedure will be described 
in some detail. A chilled 1 inch press cylinder was placed inside 
a ~ceptical to catch the expressed sap. About one half em. of 
neutral mineral oil was placed in the ~ceptical, and the surfaces 
of the cylinder and plunger coated with oil. The plants were removed 
from the nutrient solution, and the roots were quickly washed in cold 
tap water, 0.1 N Jet, and distilled water respectively. The excess 
water vas blotted from the roots and the roots severed from the plant 
under oil. The roots were placed in the prepared cylinder, covered 
with a layer of oil, and the sap eXpressed in a Carver Press at about 
8000 pounds pressure. The sap was collected in the receptical under 
oi 1 to prevent diffusion and loss of free co2 o This sap was trans-
ferred, covered with a layer of oil, to a 15 cc. conical centrifuge 
tubeo All of the preceeding operations were carried out at temperatures 
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near 0° centi grade to remtce enzymatic activities. The sap was centri-
fuged at 1500 rpm for 5 minutes to separate any existing emulsified 
material. Samples of the nutrient solution were also taken during 
harvesting and placed under oil. All samples ~ere stored for periods 
up to 3 weeks at temperatures near 0° centigrade until analyses were 
completedo 
Samples ~ere analyzed for total co2 in the Van Slyke Blood Gas 
apparatus by the followin rt procedure modified from work by Van Slyke 
and Neill (1924), VanSlyke (1927), Van Slyke and Sendroy, J~. (1927), 
Hawk~· al. (1948), and Kock and Hanke (1948). 
Principle The carbon dioxide and other gases are extracted from an 
acidified sap by shaking in a torricellian va~tm. The gases are then 
brought t o a definite sui table volume at an observed temperature and 
t he pressure corresponding to this volume is noted on a manometer tubeo 
The carbon dioxide is then absorbed by a base and a second pressure 
corresponding to the same volume and temperature as before is noted. 
The d ifference of these two readings is that pressure corresponding 
to the amount of carbon dioxide evolved. 
In the subse~ent di Settssi on" of operating procedures, f! gures 1 
through 4 should be noted for terminology applying to the Van Slyke 
apparatus. 
Reagents {A) Gas-free N NaOH solution Small quantities, 30 cc. or 
less, can be prepared in the extraction chamber of the apparatus. Admit 
about 30 cco of NaOH to the extraction chamber--seal stopcock b and 
lower the mercury in the chaFI.ber so that a gas phase of about 20 cc. 
exi stso Shake 2 or 3 minutes and expel the extracted gas. Repeat the 
evacttation, shaking, and removing the extracted gas two more times. Store 
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• 
~~------------------- Wash Solution 
Stopcock c 
Stopcock b 
Stopcock d 
Leveling Bulb 
Figure lo The Van Slyke manometric gas analyzer 
~~~------2.0 CCo 
f.tr..,~~r-----"5" cc. of Solution 
L-:M:::::H-----"Att total volume 
:.f.ii~:.-----....ll g sea 1 ed Joint 
F i gure 2. Cutaway diagram of the 
extraction chamber 
Air-free 
~~-~aOH 
To leveling bulb 
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Figure 3o Delivery of a 
sample to the 
extraction 
chamber 
Leve 1 i ng Bulb 
Figure 4o Apparatus for preparing and storing gas-free solutions 
this solution under paraffin oil in a large calcium chloride b1be 
provided with a rubber tube and dispensing pinchcock at the smaller 
end. This solution is good for about a day. 
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To prepare and store larger quantities of gas-free solutions, a 
similar gas extraction is carried out with the apparatus listed in 
figure 4, the evacuation and shaking of Ole b.tlbs being done by 
manual manipulation. ·The NaOH is dispensed directly to the Van Slyke 
apparatus from the storage bulb shown in figure 4. 
(B) Lactic Acid Reagent Prepare a lsll.S mixture of normal 
lactic acid and boiled distilled water and store in a bottle fitted 
with siphon so that solution can be added directly to extraction 
chambero 
(C) Octyl Alcohol Stored in a dropper bottle. 
(D) Ethylene Glycol Stored in a dropper bottle. 
(E) Wash solution Prepare a OoOl N lactic acid solution. 
Procedure Prior to beginning analysis, make certain that all sto-
cocks are properly greased, for an excellent seal is necessary to prevent 
leakage when vacuum is applied to the system. In greasing the stopcocks, 
apply a thin layer of vaseline, place in position and turn several times. 
Then apply a thin layer of good rubber base grease in a similar manner. 
A commercial grade of Peters - Van Slyke stopcock grease from Fisher 
Scientific Company gave best results • . 
At this point it is advisable to test the apparatus for the absence 
of leaks. Introduce about 3.5 cc. of slightly alkaline distilled water 
into the reaction chamber, close stopcock b and lower the mercury suffi-
ciently to leave a gas phase of about 50 cc. above the water !P.lrfaceo 
After the water has shaken for 2 minutes, read the pressure correspond-
ing t o a gas vo'lwae of 2 cco If the temperature is constant, the same 
pressure reading should be maintained when the above extraction is 
repeated. A leak, usually from stopcock b, results in a steady in-
crease in readings upon repeated extractionso 
Preceeding each analysis, the apparatus should be cleaned by 
introducing 10 to 15 mla of reagent E, shaking for 15 or ZO seconds 
in the evacuated chamber, and expelling the extracted gas and solutiona 
Adherent solution introduces no error in the subseqJent analysis. 
The air should be expelled from the manometer tube prior to usc 
so there is no atmospheric pressure on the mercury surface of the tube. 
Since slight amounts of moisture find their way into the closed DlllnO-
mcter as the mercury flows oock and forth from the analysis chamber, 
some error from the vapor pressure of this moisture would be proQable 
because the manometer tube is not proteeted against sudden temperature 
change. To absorb this water vapor, two or three drops of ethylene 
glycol are admitted through cock c and allowed to flow down the tube 
for about 10 em. Mercury is then forced up through the cock leaving 
behind enough ethylene glycol to wet the sides of the tube, but not 
enough to flow down and interfere wl th readings of the 11Ercury meniscus. 
The ethylene glycol is renewed occasionally in this manner. 
The ap):2ratus is now ready for the determination of total co2 in 
expressed plant sapo With extraction chaMber completely filled with 
mercury,all stopcocks closed, and the leveling bulb in the lower 
position, introduce a drop of octyl alcohol and 7.5 cc. of lactic acid 
reagent to the calibrated cup above cock b. Open cock band admit the 
solution to the chamber by manipulation of cock e. The lactic acid 
solution having been admitted, close cock band evacuate the chamber 
by lowering the leveling rnllb until the surface of the mercury meniscus 
• 
has fallen to the "A" mark. Then close cock e, place the leveling 
bulb in the upper position and shake for 3 minutes. Next, Qy manipu-
lation of cocks b and e, return all rut 1.5 cc. per cc. of sample 
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added of the shaken aqueous contents from the reaction chamber to the 
cup. Next, be certain to have the manometer and exit tlilies filled and 
sealed with mercury, then close the stopcock leading to the leveling 
bulb and place the latter in the lower positiono Then, at once, 
measure off 1 or 2 cc. {depending on the quantity available) of ex-
pressed sap by means of the special rubber tipped Van Slyke-Ostwald 
pipette. Lower this carefully below the solution in the cup and press 
the rubber tip firmly against the bottom as shown in figure 3. With 
stopcock b ~d the stopcock of the pipette open, regulate the flow of 
sap into the chamber by very carefully opening stopcock e. When the 
sample has been admitted, close cock b and the stopcock on the pipstteo 
Then remove the pipette being careful to not agitate the solution in 
the cup more than necessary. By having cock e open and gradually open-
ing cock b, admdt 1 cc. (per cc. of sap sample used) of the acid reagent 
in the cup to the chamber. Close cock b, place a drop of nrzrcury in 
the capillary above, and remove tre remaining reagent from the cup by 
means of suction. Leave cock e leading to the leveling bulb open. 
The co2 is liberated by lowering the leveling bulb until the 
surface of the mercury meniscus has fallen to the A mark, closing 
cock e and shaking the mixture for 4 minutes. The extracted gas is 
reduced to a volume "a" ("a" being 2 or o.s cc. depending on the 
quantity of gas liberated), the admission of mercury being regulated 
by cock e and the leveling bulb. If the f luid meniscus passes point 
"a", readJustment must be made by re-lowering the mercury meniscus to 
point A and shaking the mixture for 1 minute. If this were not done, 
more reabsorption of C~ would take place than is provided for in the 
calculations. The adjustment of "a" being correct, the manometer tube 
Z4 
is tapped lightly ~ith the finger, and the height of the mercury column 
read. This reading is recorded as Pt• The temperature of the gas 
phase is also recorded at this timeo 
To absorb the COz properly it is necessary to admit the N NaOH 
under reduced pressure. To do this, lower the leveling bulb and grad-
ually open cock e tmtil the surface of the water meniscus is about 2 
em. below the "a" marko Close cock e and place the leveling bulb in 
the lower position. Add 2 cc. of the gas-free N NaOH to the cup from 
the storage reservoir, avoiding reabsorption from the air. One ml. of 
the NaOH is then admitted to the chamber by manipulation of cock bo 
Seal the capillary above cock b with a drop of mercury. Evacuate the 
chamber as was done previ~tsly and shake for Z minutes to allow complete 
absorption of the COz. The gas phase is again reduced to volume "a" by 
admission of mercury from cock e. Close cock e, tap the manometer vi th 
the finger, and record the mano~ter reading as P2o 
If we let Pco
2 
equal the pressure necessary for the CCz in the 
volume of extracted gas "a", them Pcaz • P1 - P2 - Ccez· The factor 
Ccez in the above eq.tatlon is the correction which must be made to 
allow for the increased height of acqueous phase above the mercury 
when the alkaline absorbing fluid is introduced. This correction is 
deterndned in a blank analysis in which S ml. of water, made alkaline 
with 2 or 3 drops of normal NaOH, are extracted in the ·apparatus; p1 
and Pz being read before and after addition of the same amount of 
alkali as used in the determinations. 
The correction values determined for 
o·S 
a • .os cc 
S • 7.0cc 2.5 em 
S • 3.5cc .64 em 
this ~ork are as follows: 
a • Z.cc 
oZG C1l1 
.11 em 
To obtain results of analysis in ~illimoles per liter, multiply 
the Pc02 in mm. at any given temperature by the factors given in 
table 1 ~hich is a modification of the ~ork from the original paperso 
The pH of the samples ~as determined ~ th the Beckman Mode 1 GS 
pH meter equipped with the one drop electrode assembly. This meter 
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is a modification of the Model G pH ~ter, featuring t~o new operating 
controls which provide higher measuring accu_racy through increased 
sensitivity of the energy measuring ~stem. This instrument is 
designed for expanded scale pH measurements by use of a Helipot ~ith a 
Duodial and a s~nsitivity switch to change from normal to increased 
sensitivityo The Duodial has 1,000 scale divisions, 100 divisions for 
each turn of ~he Helipot. Total voltage across the Helipot is ZOO 
millivolts, or .20~ millivolt per division. Since the expanded scale 
is read in mil~ivolts, these readings were converted to pH as follows: 
PHs • PI\, + Eb - Es 
Where p~ • pH of sample 
plft, • pH of ruffer 
(2.3626 Rf) 1000 
F 
. ~ • emfo of electrodes in buffer, millivolts 
E5 • emf. of electrodes in sample, millivolts 
T • temperature in degrees Kelvin 
R • universal gas constant, 8.3144 Joules/deg/mole 
Table 1. Factors by which millimeters Pco are multiplied to give 
millimoles CO.z per liter in the ~olution analyzed in the 
VanSlyke apparatus of 50 cc. capacitY* 
Sample • lee. Sample • 2cco 
.Z6 
Temperature S • 3o5cc. s • 7.0ce. 
a•0.5cco a•.Z.Occ. a•O.Scco a•Z.Occ. 
f•1o037 i•1.017 1•1.037 i•1.017 
degrees c. 
15 0.0313 0.1.2.29 Oo01705 Oo06675 
16 11 u 690 6.25 
17 10 15 675 575 
18 08 08 665 530 
19 06 02 655 485 
.20 05 0.1196 640 440 
21 03 90 630 395 
2.2 0.2 83 6.20 350 
23 00 77 610 310 
.24 0.0299 71 595 Z65 
25 97 65 585 .225 
26 96 60 575 185 
Z? 94 54 565 145 
28 .93 49 555 110 
.29 91 43 550 075 
30 90 38 540 040 
31 89 33 530 005 
32 88 28 525 0.05975 
33 86 23 515 940 
34 85 18 505 910 
* Explanation of letters used in tables: S-vo1ume of aqueous mixture 
prior to the addition of alkali; a-volume of the final gas phase 
exerting pressure in the Hg of the mqnometer; i•correction for the 
ratio of extracted COz which is reabsorbed during the time that the 
gases are brought down to the "a" volume. 
F • Faraday's constant, 96496 coulolllbs/equivalent 
rb • Duodial reading in buffer 
r5 • Duodial reading in sample 
Since (2.3026 Rf)lOOO is equal to O.l9842T and(~- Es) is 
F 
equivalent to Oo200 (rb - r 9 ), the above equation reduces to 
pHS • p~ + 0.200 {~- r,) 
Ool984 T 
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This meter has an accuracy of 0.0025 of a pH unit relative to the 
buffer 9 
From the pH of the sample, the H:OS/C~ ratio was calculated 
through the Henderson-Hasselbach equation thusz 
~ • antilog (~ - pK') 
where pK!, eql.\B.lS 6.317 at 38° centigrade as cited by Shedlovs~ and 
Macinnes (1935)o In concentrations of HC03 greater than infinite 
t dilution, the value of pK will decrease slightly. This decrease in 
pK' is theoretically 6.317 - ~ O.S)A (~ being the ionic strength). 
This correction is so small that it was ignored. The value of pK' 
will increase at temperatures lower than ~o centigrade. Shedlovsky 
and Macinnes found this increase to be 0.005 units per degree centi-
grade in the temperature range of 30 to 40 degrees centigrade. 
Since C03 can be considered non-existant in the pH range of the 
expressed plant sap, the Van Slyke meast~ement is composed entirely 
of C02 plus H:03o From the Van Slyke determination and the OC~/C~ 
ratio, the actual HC03 anion concentration of the sap was calculated 
as follows: 
The nutrient solutions were similarly analyzed to determine the 
actual pH and HCOJ concentration at time of harvest. 
Z8 
Z9 
RESULTS 
Experiment I A preliminary experiment was begun in June 1956 in an 
effort to decide whether or not HC03 can be absorbed ~ plantso 
Red Kidney beans were started in germination pans on June Z6 and 
were transferred to the nutrient solutions 11 days later. The solu-
ti ons were changed at 5-day intervals. The plants grew without di f fi-
culty, and were in a healthy, uniform condition when the differential 
treatments >Jere applied on July l?th. After treatments were applied, 
the pH of the solutions was adjusted every lZ hours until harvest. 
Analysis of the nutrient solutions showed that the proposed treatments 
were maintained quite well. The averages are shown in table 2o 
The experiment included 32 pots, each containing three plantso The 
combinations inc~tded eight treatments, thus permitting four replications. 
The treatments were randomized within replications, and the pots were 
placed in a single row along the east side of the greenhouseo 
Many difficulties were encountered in perfecting the techniques 
used in harvesting and analyzing the plant sap of this experimento There-
fore, it was felt that the results of this experiment were not satisfactory 
to give a clear picture of the treatment effectso 
Since the experiment was to be repeated, a statistical analysis of 
these data was not made. A summary of the data collected is given in 
table 2o Although the data indicate somewhat erratic treatoent effects, 
definite pH and HC03 anion differences are noted in the various plant 
saps. 
Ex peri roent II and III These experiments will be discussed together 
in order to make better comparison of t he data between two plant species. 
'l'he two experiments were similar, and differed only in the plant species 
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Table 2. The pH and bicarbonate concentration of beans as influenced 
by the pH and bicarbonate concentration of the grololth media 
(average 4 replications) 
Treatment Solution analysis Sap analysis 
pH Nali:OJ pH IC03 pH H::Oj 
iile/1. me./1. lDMo/l. 
7o8 0 7.25 0.53 5.307 Oo054 
1o8 10 7.76 10o18 5o771 0.241 
7.8 30 7.84 29o61 5.754 0.296 
7.8 50 ?o88 47o38 5o863 0.294 
7o3 10 7.41 9.89 So504 0.114 
7.5 10 7.42 10o72 5o606 0.164 
7 0 8 10 7 o72 9o72 5.675 0.212 
8.3 10 Bo41 9o08 5o291 Oo059 
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utili zed and the time at which they were conducted. 
Red Kidney Beans (a chlorosis susceptible species) were used in 
experiment IIo The plants were started in late July of 1956, and were 
moved to the solution culture pots on August 9th. Solntions were 
changed at rerJltlar intervals. Extra plants were grown so that small 
un-uniform plants could be replaced before the differential treatments 
were appliedo A critical factor was to get plants with root systems 
large enough to yield ample sap for analysiso 
The differential treatments were applied on August 20th. The 
various treatments consisted of four levels of bicarbonate at constant 
pH, and four pH levels at constant bicarbonate. The actual values 
concerned are given under General Procedureso The plants were harvested 
42 hours after the experimental variables had been appliedo 
Experiment III was run using Kingscrost KY7 hybrid corn (a chlorosis 
resistant plant species). ' The corn was started in early September and 
moved to solution cultures on September 11th. From preliminary investi-
gations, it was observed that corn made unsatisfactory growth on the 
nutrient solutions used for beanso Consequently, a solution was adoJ?ted 
having a composition as f ollows: 8 me./1. Ca(N03)2; 6 meo /lo KN03; 
4 rre./lo MgS04 ; 1 me./1. NH4 H2Po4; and minor elements as suggested 
by Hoagland and Arnon (1950). Vi gorous growth was maintained on the 
above solution. No further problems were encountered during the 
growth period. 
Treatments were applied on September 20tho All small un-uni form 
plants had previously been replaced by large, uniform ones. Solution 
pH's were adjusted every 12 hourso Plants were harvested 42 hours after 
the experimental variables had been applied. 
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The techniques utili zed in harvesting and sample analysi s of 
these experiments were improved as a result of experience gained during 
the first experiment. 
Every precaution was taken to reduce the variability of treatments 
between replications. Som£ of these precautions should be mentioned. 
In order to maintain a cold cylinder for expressing sap, two identical 
cylinders were used alternatingly. It was noted that the sap expressed 
Py one of the cylinders appeared to be slightly more viscous than sap 
from the other. Hence, the same cylinder wa~ used for corresponding 
treatments between replications. The time interval involved in remov-
ing the plants from solution until the sap was collected under oil vas 
kept comparable throughout harvesting. Care was taken to blot all 
roots to a nearly tmiform dryness. An important factor in naking the 
analysis was to analyze all comparable treatments on the same day 
using the same size san1ple a.f each in the Van Slyke analysiso 
Each of these experl ments was set up having a randomized complete 
block design containing eight treatments and four replications . The 
treatments were randomized within replications, and the pots were 
placed in a single row along the east side of the greenhouse. Since 
the design of these experiments was identical, the data were combined 
as a split-plot design (species being used as the sub-plots) for the 
statistical analysiso 
The samples of the nutrient solutions taken at harvest were analyzed 
for pH and OCOj concentration similar to the expressed sap. The data 
in table 3 represent average values for the samplings from all repli-
cations. Although the treatments were not maintained exactly as proposed, 
the tabled values indicate that a fair degree of control was accomplished. 
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Table 3. The difference between the proposed treatment and the actual 
treatment found at harvest (average 4 replications) 
Treatment 
Actual value 
Species Pro~sed at harvest 
pH HCo• pH 0C03 3 
Jteo/lo me./1. 
Beans 70 8 0 70 62 OolO Corn 7.43 0 0 85 
Beans 7!>8 10 7o88 9o32 Corn 7.70 90 69 
Beans 7o8 30 7.65 33.26 Com 7.79 29.64 
Beans 7 0 8 50 7o62 44o82 Corn 7.65 41.15 
Beans 7o3 10 7.10 9.19 Corn 7.15 8.72 
Beans 7.5 10 70 19 9.34 Corn 7.30 8.98 
Beans 7.8 10 8o05 8o86 Com 70 63 8998 
Beans 8.3 10 8.04 9o07 Corn 8.50 8.09 
The experimentally detetmined OC03 anion concentration of the 
expressed sap for the two species is glv~ in table 4. Graphical 
presentation of this data is shown in figure 5 and 6. All the values 
have been plotted to give a visual picture of the variation among 
treatments between replications. 
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These tables and figures indicate that the HC03 concentration of 
the intracellular liq.tids of intact plants can be altered by varying 
the J£03 concentration of the growth mediao As the OC03 of the growth 
media was increased at a constant pH, a rapid almost linear increase of 
HCOj content in the expressed sap is n~d. The difference between the 
30 me./1. and 50 me./1. treatments is not as marked as would be expec-
ted. This can probably be accounted for by the fact that the actual 
HC03 concentrations of these solutions ended up closer than was origin-
ally intended. In the treatments having constant HCOj and varying pH 
levels, the l£03 concentration of the _expressed sap is observed to 
decrease slowly as the pH of the growth media increases. Without 
exception the HCOJ concentration of corn was found to be nearly twice 
the value found in beans. 
Data presented in table 5 show the effect of the treatments on 
the measured pH of the expressed sap of beans and com. Thess data 
have been plotted in figures 7 and Bo The points scattered about the 
mean give an indication of the variation obtaine~ between replicationso 
It is noted from these tables and figures that the pH of the root 
sap of intact plants can be shifted by varying the pH and bicarbonate 
levels of the nutrient growth media. A very marked rise in pH of the 
sap is noted as the concentration of bicarbonate in the nutrient 
solution is increased from 0 to 50 me./1. at a constant pH of 7o8• As 
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Table 4. Mi llimoles per liter bicarbona te in root sap of corn and 
beans as influenced by pH and bi carbonate concentration 
of t he growth media 
Treatruent m M.L1• HC~ of root saE 
Species pH meo/1. 
Nal£~ Rep I Rep II Rep III Rep IV Average 
over 
a ll re s 
Beans 7o8 0 Oo01 O.Ql 0.01 o.oo Oo009 Corn 0.12 0.12 OolO 0.09 0.11 
Beans 7. 8 10 0.12 0.15 0. 05 0. 16 0.12 Corn 0.19 0.19 0 . 25 0.21 0.21 
Beans 1 .a 30 0.14 '0.18 Oo06 0 • .21 0. 15 Corn 0 .73 0.65 0.97 0.79 
Beans 7.8 50 0.25 0.35 o.so 0. 28 0.35 Com 0.89 1.00 o.n 0 . 65 0. 81 
Beans 7.3 10 0.11 0.15. 0.07 0.12 0.11 Corn 0.17 0. 32 0.38 0 . 30 0.29 
Beans 7.5 10 0 0 06 0.15 0.10 0910 Corn 0.16 0.29 0.24 0.23 
Beans 7.8 10 0.10 o.o5 Ooll 0.09 Corn 9.27 0.13 0.20 0 .20 0.20 
Beans 8.3 10 0.06 0.05 0.17 o.oz o.oa Com 0.22 0.19 0.13 0. 12 0.16 
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Table 5. The p-i of root sap in beans and corn as influenced by the 
pH and bicarbonate concentration of the growth media. 
pH of root saE 
Average Treatment 
Species PH uw../1. Rep I Rep II Rep III Rep IV over 
NaH:~ all reps 
Beans 7.8 0 5 0 050 50 167 5.239 5o037 5.1Z3 Com 5.492 5.536 5.560 5.485 5.518 
Beans 7o8 10 5.626 5.667 5o585 So 763 5.660 Com 5o 734 s. 714 5.622 5o758 5.707 
Beans 7o8 ~0 5o756 5o763 5.890 5o842 5o813 Com 6o021 5o739 6o014 6.076 6o013 
Beans 7o8 50 5.822 5o852 6.185 5.784 5o910 Com 6 0 025 6 0 165 6.014 5.980 6o046 
Beans 7.3 10 5o630 5.595 5o455 5o708 5.597 Com 5.700 5.871 5.892 5o932 5.849 
L 
Beans 7o5 10 5.304 5o717 5o615 5o545 Corn 5.721 
--
5.833 ~.871 5.808 
Beans 
.70 8 10 5.445 5.307 5o575 5.442 Corn 5.799 5.526 ' 5.731 5.635 5.673 
Beans 8.3 10 5.719 5.256 s.szo 5.376 5.468 Com 5.704 So652 5.690 5.560 So652 
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the pH of the solution is increased at a constant level of HC03, the 
pH brought about by increasing HC<J3 in the media is much sharper than 
the decrease observed ~hen the pH of the media is increased at a 
constant HC03 level. In all treatments, the pH of the expressed sap 
from corn was higher than that of the beanso 
The combined analysis of variance of these t~o experiments is 
shovn in table 6o Although somewhat marked variation was observed 
between replication in data presented, the analysis of variance shows 
no significant differences between replications within species. 
Species, treatments, and the treatme~t x species interaction show 
highly significant differences. The breakdown of treatments into 
individual degrees of freedom show highly significant differences for 
HC03 vs. pH, among ocog, and among pHc1 The HC03 and pH effects are 
primarily linear. The quadratic and cubic effects that are noted in 
some cases arise because the treatment effects are not spaced at 
uniform intervalso 
Experiment IV A similar experiment was started with tomatoes in an 
effort to extend the oco3 data over a greater number of plant specieso 
The plants were started in late August of 1956, and were moved to 
the solution pots on October 4tho A nutrient solution identical to that 
for beans was usedo All procedures and techniques utili zed in the 
previous experiments were followed. No difficulties were encountered 
during the growth periodo Differential treatments were applied on 
November 1st and the plants were harvested 4.2 hours later. 
Analysis of the solutions indicated that the proposed treatments 
were maintained very wello The sap was analyzed for tota l co2 , but 
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Table 6 . Analysis of variance for hicarbonate content and pH of 
expressed root sap in beans and corn 
Source of Variation d.fo Sap HC()j Sap pH 
Mean Squares 
Reps Within Sp. 6 0.0013 0.0082 
Species 1 0.8145** 0.697Z 
Treatment 7 0.2690H- Oo3450** 
H:03 vs. EH 1 0.40<X>** 0.1351** 
among oco3 3 0.4840** Oo102QH-
among pH 3 0.0176* 0.5793** 
OC03 
linear 1 1.3950** 1.9316** 
quado 1 0.0001 O.l741H 
cubic 1 0.0570** 0 0 0004 
.E!! 
linear 1 0.030~ O.l525H 
quado 1 o.oooz 0.0028 
cubic 1 OoOOOO 0.0185 
Treatment x Species 7 Oo0869** 0.0203 
Error 38 0.0045 0.0139 
Total 63 0.0553 0 . 0611 
* 
Significant at o05 level 
** Significant at .01 level 
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before the pH measurements ~ere made, the samples were ruined by 
failure in the refrigeration system. For this reason no data is 
included on this experiment. Alth~gh final data was not obtained, 
the analysis of the total CGz would indicate the HC03 concentration of 
tomato sap to fall somewhere between the values found for corn and 
beans. This is in keeping with the order of chlorosis susceptibility 
observed for this specieso 
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EXPERIMENTAL \,ORR--TRANSLOCATION OF FOLIAR APPLI ED IRON 
Work was initiated in July of 1956 to investi gate the following 
objectives: (1) to study the influence of OC03 and pH on the movement 
of foliar applied iron; (2) to determine whether or not HC~ and pH 
have different effects on iron movement in chlorosis resistant and 
susceptible species; (3) to see if rooverr£nt of f oliar applied iron 
can be enhanced by addi tion of chelates to the nutrient solutions. 
METHOOS 
Plants were grown as described earlier. Iron and phosphorous 
were witheld from the final solutions to enhance translocation of t he 
f o 1i ar applied Fe in compliance with findings of Redi ske and Bi ddulph 
(1954)o Treatments differed from earli er work only in that the HC03 
and pH treatments were duplicated with OoOl rnMo/lo chelate* added to 
one half of the pots~ The differential treatments were applied 24 
hours prior to the application of Fe59, and the plants were harvested 
24 hours later. The pH of the solutions was adjusted every ll hours 
before the Fe59 was applied; thereafter, no adjustments were madeo 
The plants were prepared for Fe59 application as shown in fi~tre 
9. Just before the application of Fe59, a 1 x 4 inch board was 
positioned, (supported by ring stands with clamps) on each side of 
the plants parallel and hori zoo. tal with the row of pots o Cardboard 
4 x 14 inch slats were placed perpendicular on the boards between 
each pot of plant s o This whole setup was adjusted to the proper 
*A chelate developed by Ge i gy Chemical Company for experimental 
use in hi gh alkaline conditions (Chel 138). 
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height (depending on the size of the plants), and the leaf to be 
treated was held in position with inverted 50 ml. beakers placed on 
the leafo 
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The radio-iron solutions were prepared ~ adding a tracer amount 
of Fe59 to a solution of FeCls of known concentration. The final 
solutions utili zed in radio-iron applications contained 100 ppm Fe vi th 
an Fe59 activity of approximately 200;.tc./ml. This solution was 
adjusted to a pH of 2o5-3o0 with dilute NaOH and OCl,as suggested by 
Swanson and Whitney (1953), to give better absorptiono 
The radio-iron solution was applied to the center blade of the 
first trifoliolate leaf of t~ beans and to the third leaf of the corn. 
This was done with a micro pipette attached to a 1 ceo tuberculin 
syringeo The method of application consisted of distributing the 
solution in abottt 10 small droplets on an area of the leaf 1 inch in 
diameter. Each plant received 50 ).l g. of carrier iron as FeCl3 with 
a Fe59 activity of 10 JICo per 50 pl of solutiono The 50 ml. beakers 
were placed directly over the treated portion of the leaf to prevent 
scattering and evaporation of the radio-iron droplets. 
Tventy-fmtr hours after the radio-iron was applied the plants were 
harvested. The three plants from each pot were composi ted as one 
treatment. .For counting, the plants were separated into parts in the 
following manner: the beans were divided into roots, stems, primary 
leaves, leaves above the treated leaf, treated leaflet, and the re-
maining leaflets and petiole of the treated trifoliolate leaf. The 
corn plants were divided into roots and hypocotyl, leaves below tne 
treatect leaf, treated leaf three-fourths inch bel<N point of applica-
tion, and leaves above treated leafo The separated material was placed 
in an oven at 70°C. to dry. The plants used for autoradionra!llS were 
pressed between newspaper in a plant press and ~1ickly dried in an 
oven at 70°Co 
The material was remowd from lhe ovens after a period o.f 48 
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hmtrs. The separated plant portions were pressed into pellets of 
seven-sixteenths inch diameter in a Carver Press at a pressure of 10,000 
polmds per square inch. The pellets were placed indivim1ally in small 
metal bottlecaps and stored in boxes of 30 for c~tntlnQo The plru1ts used 
for autoradiograms were mounted on cardboard and were then placed in 
contact with Eastman "no screen" X-ray film. These were stored in a 
dark room for an exposure period of approximately 3 weeks before being 
developed. 
The pellets were counted in a DS-1 scintillation tube (Nuclear--
Chicago) attached to a l'odel 183 Nuclear Scaler. The activity of each 
pellet was recorded in c~mts per mi nllte . The oockgr ound activity was 
measured at approximately 2-hour intervals throughout the counting 
procedure. Standards, prepared cy adding a kno\ln quantity of each 
radio-iron solution to a metal bottlecap, were also counted at approxi-
mately 2-hour intervals. The actua l c~mts per minute of each sample 
\las calculated by rubtracti ng the backgrmmd cmmts per minute from the 
recorded counts per minute. 
Because the pellets were variable in size, a correction was re-
quired to account for geometry and self-absorption. The correction 
factors were determined by counting pellets of vari~1s wei ghts that 
were prepared from a homogeneous mixture of radio-active plant material o 
A curve \las drawn from a plot of cmmts per minute vs. \lei ght of the 
pellet in grams o From this curve the correction factors "'ere calculated 
as follows : 
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where "b" is the perpendicular distance from the abscissa to the plotted 
curve, and "a" is the distance of deviation from linearity of the curveo 
The correction values determined and used for this work are giv~ In 
table 7o 
The corrected counts per minute for each sample vas calculated Qy 
multiplying the correction factor corresponding to the sample weight ~ 
the actual counts per rolnute. From the total corrected counts per 
minute of each plant and the cotmts per minute of the standard, the 
total pgms Fe translocated and the per cent going to each plant J=.Brl 
was calculatedo 
RESULTS 
Experiment I & II. These two experiments will l:e discussed together 
since they mffer only in the plant species used and the time they 
were conductedo 
The bean and com plants were started in gemination pans and then 
mo"ved to their respective nutrient solutionso Tap water was used in 
preparing the nutrient solutions until the differential treatments were 
applied; thereafter, distilled water vas used. Extra plants were grown 
to replace small non-uniform plants before the experimental variables 
were introducedo The following differential treatments were utilized: 
0, 10, 30 ~1d 50 me./1. NaHC03 at a pH of 7o8; and pH's of 7.3, 7.5, 
7.8 and 8.3 with 10 me./1. NaHC03• The above treatments were dupli -
cated vith 0.01 mMo/lo chelate being added to one half of the solutionso 
The experirnents were composed of 32 pots, each containing three plantso 
The 16 treatment combinations allowed only two replications. The 
treatments were randomized within replications, and the pots were 
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Table 7. Factors used in correcting the observed counts per minute due 
to geometry of various sized pellets 
Sample Sample Scunple 
wto Factor wt. Factor wt. Factor 
gms. gm.s. gms. 
0.10 1.045 0.85 1.132 1.27 1.289 
0.125 1.046 0.86 1.134 1.28 1.293 
0.15 1.047 Oo87 1.137 1.29 1.297 
0.20 1.048 o.88 1.140 lo30 1.302 
O • .U5 1.049 0.89 1.142 1.31 1.307 0.25 1.050 0.90 1.144 1.32 1.311 
0.30 1.051 ' 0.91 1.147 1.33 1.316 
0 .. 35 1.051 0.92 1.151 lo34 1.321 
0.375 1.054 0.93 1o155 1.35 1.325 
0.40 1.058 0.94 1.159 1.36 1.330 0.425 1.061 0.95 1.162 1.37 1.335 0.45 1.063 0.96 1.166 1.38 1.340 0.475 1.065 0.97 1.169 1.39 1.344 0.50 1.068 0.98 1.173 1.40 1.349 0.525 1.069 0.99 1.176 1.41 1.355 0.55 1.071 1.00 1.180 1.42 1.360 0.575 1.075 1.01 1.183 1.43 1.366 0.60 1.079 1.02 1.187 1.44 1.371 0.61 1.081 1.03 1,189 1.45 1.377 0 0 62 1.083 1.04 1.19.2 1.46 1.381 0.63 1.086 1.05 1.196 1.47 1.385 0.64 1.088 1.06 1.200 1.48 1.389 0. 65 1.090 1.07 1.204 1.49 1.393 0.66 1.091 1.08 1 • .208 1.50 1.397 0.67 1.092 1.09 1.212 1.51 1.402 0.68 1.093 1.10 1.216 1.52 1.406 0.69 1.094 loll 1.220 1.53 1.410 0.70 1.096 1.12 1.224 1.54 1.414 
o. 71 1.099 1.13 1.228 1.55 1.419 
o. 72 1.101 1.14 1.232 1.60 1.440 
o. 73 1.103 1o15 1.236 1.64 1o46 0.74 1.105 1.16 1.240 1.70 1.48 0.75 ~.108 1.17 1.244 1.75 1.50 0.76 1.110 1.18 1.248 1.80 1.52 0.77 1.112 1.19 1.252 1.84 1.54 0.78 1.114 1o20 1.256 1.90 1.56 0.79 1.116 1.21 1.261 1.95 1.58 
o.oo 1.118 1.22 1.266 2.00 l.o60 0.81 1.121 1.23 1.270 2.05 1.62 
o.az 1.124 1.24 1.275 2.10 1.634 0.83 1.126 1.25 1.280 2.15 1.655 0.84 1.129 1.26 1.284 2 • .20 1.674 
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placed in a single row on the greenhouse bench. The pH of the solutions 
were recorded at harvest time, but the solutions were not analyzed for 
actual HC03 content because previous experiments indicated fair control 
of the oco3. 
E.xperi ment 1, conducted with beans, was started in early July of 
1956 and the plants were moved to solutions on July 18tho The differential 
treatments were introduced on July ZS, the radio-iron applied on Juzy Z6, 
and plants harvested 24 hours later. The younger leaves of the plants 
were somewhat chlorotic at the time radio-iron was appliedo One plant 
from each of the 16 treatments was selected for autoradiograms. 
The corn began gerni nation in late July and was moved to the 
solution pots on July 30tho The differential treatments were intro-
duced on August 9, and the radio-iron applied on the lOth. Harvesting 
vas done l4 hours later. No autoradiograms were made of the corn 
plants. 
The influence of pH, OCQ3, and chelate upon translocation of 
foliar applied iron in beans and com are shown in tables 8 and 9. 
A high degree of variation is noted between replications with no 
apparent correlation between the treatment applied and the amount of 
translocation. In all cases translocation was greater to the roots 
and young leaves than to stems and older portions of the plant . 
The data from these two experiments were combined in the stati s-
tical analysis for a split plot design (species being sub-plots)o The 
analysis of variance is given in table 10. A highly significant 
difference between plant species is evident throughout all plant 
portions. The roots and total Fe show significance between treatments 
at the 5 per cent l~vel. This di ffer~nce c011es pri mrily froa tbe 
The movement o! Fe59 from bean t ri foliolate leaves as 
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Table a. 
influenced by pH, bicarbonate, and chelate of the growth 
•dia 
,ugm Fe ~ ol total Fe In each El~t Eart 
TreatiTEnt trans. roo s stems prim. tr. upper 
PR RaHCo:s Chel.. reEo X to2 leaves leaf leaves 
Me./1. 
Yes 1 19o97 19.85 9o79 7.36 25.63 37.37 
1o8 0 2 8o86 7.71 21 o60 2o32 58.40 9.90 No 1 6o06 26.39 6o60 5.03 49 0 49 f2o49 
2 17.41 29.90 9.99 2.8.2 20. 05 37o27 
Yes 1 8,93 24.85 6.8.2 4.99 34.89 28o45 
7o8 10 2 21,38 54.38 10.51 4.12 9.69 21.31 
No 1 147.06 7.27 2.53 .67 76 0 01 13.53 
2 7.98 18.89 10.41 2. 96 25.32 42. 42 
Yes 1 13ol1 43.66 10o05 5.51 24.54 17.21 
7.8 30 2 38o68 74.95 8.55 5. 40 5.36 5 0 74 
No 1 180 77 19.67 5o22 50o40 17o09 7.62 
2 13.17 26.65 6.:n 3. 74 41.37 21 .93 
Yes 1 53.90 27.56 8.43 3.23 30.98 29.79 
7o8 50 2 24.28 28o66 9.;.06 4.97 20.96 36.35 
No 1 45,32 40.02 12~21 4 .15 19.51 24.11 
2 5.58 18.40 12.33 llo04 49.40 8.83 
Yes 1 18.27 31o85 5.17 21.70 31.16 29.65 
. 7.3 10 2 6o18 10036 6.64 4o78 36o44 4lo30 
No 1 u.s2 3So90 8o84 So62 25.z9 24o34 
2 9 0 79 34.23 12o76 2lo72 12.86 18.43 
Yes 1 12.15 41.46 6oll 6.93 Z-2.63 22.87 
7.5 10 2 llo26 29.55 5.37 3.79 45.40 16.78 
No 1 9o9l 36.91 4o80 7.98 -16 .90 So45 
z 12.72 46.50 18.51 8.26 17.41 9.32 
Yes 1 6.05 45.28 8.24 3.84 19.76 22.88 
7o8 10 2 10o80 25.75 3.84 3.10 34.46 32.84 
No 1 16.29 5o38 o9S .eo 80.05 12.81 
2 !ZoOS 19.21 10.08 2o88 32o87 34. 97 
Yes 1 15 ,31 33. 69 8o24 5.88 22.10 30.09 
8.3 10 2 34.26 56.21 5. 41 3,89 12o95 2lo45 
No 1 Io.63 36.45 7 0 77 4oS2 ZSo6S 22.44 
2 12.56 300 63 6o44 2.59 35o44 24o90 
t Includes the petiole and remaining leaf blades of the treated 
trifolio1ate 
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Table 9. The movement of Fe59 from corn leaves as influenced ~ the 
pH, bicarbonate concentration, and chelates in the growth 
media 
Treatment }lgms Fe ;6 of total Fe In each Elant Eart 
pH Naft:03 Chel. rep. trans. rootst lover basef upper 
X 1()2 leaves tr. leaf leaves 
• 
Yes 1 234.19 48o76 o77 22.88 2.7.67 
7o8 0 2 300.55 46.70 1.66 24.26 '27o35 
No 1 240.74 4r. .7o .70 lSo40 39.20 
2 237.98 45.59 .97 23.22 30.33 
Yes 1 2.15.96 35o61 .65 31.61 32o25 
7o8 10 2 328.86 58.61 1.31 14.52. 25.56 
No 1 252.91 43.02 .86 24.28 31.85 
2 337.88 50.82 1.02 16.22 31.94 
Yes 1 307o88 55 .. 88 1.57 14.10 28.45 
7.8 30 2 347.85 52.44 4.85 14.33 28.38 
lo 1 176.92 53.07 z.z9 2lo32 23.!2 
2 208.78 57.98 2.41 11.11 28.44 
·Yes 1 303.2.7 66.65 2.62 9.34 21 0 40 
7 .. 8 50 2 435.35 64.67 2.75 10 .. 44 22.13 
No I z?8.28 57.23 3.54 14.78 24.45 
2 385 0 60 57.92 2.64 15.47 2~ .. 97 
Yes 1 262o23 46 .. 52 .97 25.19 27.31 
7.3 10 2 277.52 43.58 o56 15.28 40.59 
Ro 1 SS7o4Z 38.48 .63 14.83 46 .. o5 
2 345.85 47.63 .39 10.68 41.31 
Yes 1 171.19 47.24 1o14 25.29 26 .. 33 
7.5 10 2 349.06 56.85 .97 14 .. 05 28olZ 
No 1 246.93 4L7o o6o 14.50 43ol4 
2 379 .. 10 53.94 1.11 17.87 21 .o8 
Yes 1 227.66 50o07 20.88 28 .. 79 .25 
7.8 10 2 308.47 44.26 1.09 24 .. 97 '2.9 0 67 flo 1 232.12 54.26 .76 l5ol2 29.92 
2 219.27 38.89 .52 11 .. 34 48.25 
Yes 1 281.42 42.75 .66 24.46 32.13 
8 .. 3 10 2 197.96 36 .. 79 o83 17.63 44.75 
No 1 234.19 SSoOO 1.30 !So 70 38.10 
2 328.84 Slo03 1.00 15.56 32.41 
' Roots include the bYPocotylo The 
below point of Fe59 applicationo 
treated leaf is taken 3/4 inch 
Table 10o The analysis of variance of total fe translocated, and the per cent of the total Fe 
contained by various portions of the plant in beans and com 
Source of d.f. to ta 1 ).1 Q!!1S 
variation fe x 162 
Mean-squares 
roots lower ' tr. upper 
leaves leaf leaves 
t ot a l 63 19848o69 230.46 95.86 3?2.51 112.61 
reps. 'Within 2 14970.61** 33.19 ?.58 202.16 22.56 
species 1 1094905.87** 5671 0 41** 2665.40H 3005. ?6* 970o01** 
treatments 15 3110.02* 215.41* 53.89 164. 68 112o89 
tr. X Sp. 15 2209.92 18lo09 53.92 129o55 103.02 
error 30 1527.37 94 0 46 58.05 52lo49 9lo69 
* Significant at the o05 level 
** Significant at the .01 level 
f Lower leaves includes the stem in beans 
V1 
~ 
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chelate effecto Tables 11 and ll sho~ the means for the total Fe 
translocated, and the per cent going to each portion of the plant when 
only the chelate effect is considered. In the case of beans, the 
addition of chelate enhanced over all translocation as ~ell as the 
per cent of the total Fe going to the roots and terminal leaves. The 
plants having no chelate show a build up of the trcu\slocated Fe in the 
treated petiole stem and older leaves. Chelates had essentially no 
effect on the total Fe tr~\slocated and the per cent going to the roots 
of corn; however, the effect on the leaves was reversed from that 
found ~i th the beans. 
The autoradiograms of the bean verified the great am:mnt of 
variation encmmtered from the countinq; however, some general trends 
were observed. Where no chelate had been added to the solution, the 
q..tanti ty of Fe translocated seemed to increase as the pH of the external 
solution increased at a constant HC03 level. This increase of trans-
location with rising pH ~as intensified where chelate had been used • 
. 
In nearly all cases translocation was enhanced by the addition of 
chelate to the nutrient solution. The autoradiograms in figure 10 
illustrate the beneficial influence of chelateo 
Experiment III This experiment was initiated in August of 1956 to 
shed furthe r 1i ght on the effect of HC03 upon translocation of fo lla r 
applied Feo Red Kidney beans were used. A new method of treatment, 
similar to that used by Kendall (1956), was utilizedo Instead of the 
HC03 being applied to the solution as before, the OC03 was injected 
into the hollow petiole of the treated leaf. Translocation with HC03 
injections were compared a gainst similar inJections of water as a 
control, and against Naf, a known respiration inhibitor . The treatment 
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Table 11. T~ movement of Fe59 in beans as influenced qy presence of 
chelates in the growth media {average of 8 treatments with 
2 replications) 
pgrns • % of total Fe in each Elant part 
Chelate Fe trans. roots stems prim.ry tr. upper 
xlol leaves leaf leaves 
Yes 18.96 34.74 8o36 5o73 27.21 25o25 
No 13.98 27o03 8.48 80 44 36.11 19.93 
% diff.* + 35.62 + 28.52 - 1.42 -32.0 - 24o65 + 26.69 
*%difference with respect to no chelate 
Table 12. The movement of Fe59 in corn as influenced by presence of 
chelates in the growth media (average of 8 treatments with 
-z- replications) 
% of total Fe in each Elant J:Brt 
pgms. roots lower &lse upper 
Chelate Fe. trans. and leaves tr. leaves 
xloZ h;z:Eocot;z:l leaf 
Yes 284.31 49o84 1.49 19.82 29.47 
No 2800 13 49.45 1.29 16.09 33o70 
% diffo* + lo49 + 0.79 + 15.50 + 23.18 - 12.55 
*%difference with respect to no chelate 
l 
.. 
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figure lOo Radioa11togram prints of bean plants showing the beneficial 
effects of chelate on translocat.i on of foliar applied iron 
,:..' ·. 
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injections used were as follows: water adjusted to a pH of 3.5 with. 
dilute HCl, o.zs M Naf adjusted to a pH of 3.5, ZO me./1. Nai-C03, 
100 me./1. NaHCO:s, and 100 me./l o NaHC03 with 0.01 mM./1. chelate 
added to the nutrient solution. The injections were made with a 1 
cc. tuber~tlin syringe and 25 gauge needle qy inserting t he needle at 
the top of the petiole and flushing with the treatment solutionso The 
flushing was considered complete when the solution was excreted from 
a small hole made at the base of the hollow petiole. The injections 
were started one half hour after the application of t he r adH.- iron, 
and were repeated CNery half hour until harvest 6 hours latero 
The plants were started and grown as described in the general 
procedureso The experiment was originally to include six replica-
tions with three composited plants for each treatment. However, many 
of the plants were damaged ~ frost on the morning t he t r eatments were 
to be applied. As a result the experiment was composed of three 
replications with two plants per treatment arranged in a completely 
randomized block desi 9no 
Treatments were applied on August 27th. The pH of the extc::!rnal 
solutions were approximately 8o2 The radio-iron was applied to a 
reservoir, composed of lanolin and lamp black, stamped on the primary 
leafo The petiole injections were made with little diffi~lty. Before 
harvesting, a disc containing the reservoir of radio-iron was ~t from 
the leaf and discarded. The plants to be counted were disected as 
follows: roots, stem and opposite primary leaf, the treated primary 
leaf including the petiole and node, and all leaves above the treated 
leafo All of the plants from the third replication were pressed for 
autoradiograms. These plants were dissected and counted after the 
autoradiograms had been madeo 
.. 
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The autoradiograms revealed that some of the radio-iron solution 
had exceeded the boundaries of the removed disc; therefore, the activity 
of the treated leaf and petiole was not used in cal~tlating the total 
Fe translocated and the per cent going to various portions of the plant . 
The data and statistical analysis of this experiment are given in table 
13o Once again, a great degree of variability was noted between repli -
cations for all treatments. Statistically, no significant differences 
were shown throughout the entire experimento However, by excluding 
one extreme in variation, slight trends can be observed. Water seemed 
to allow the greatest total translocation with NaF having the greatest 
inhibito~ effect. No apparent effect is noted from the HC03 treatmentso 
If more of the external factors could be controlled so as to 
reduce the large variation now present, work of this natt~re should 
yield promising results. In future studies along this line, t~ 
respiration inhibitor selected should be one which functions at a 
higher pHo Hence, the pH effect on translocation could be eliminated 
by adjusting all treatment solutions to similar pH valueso 
Experiment IV This experiment was started in early September of 
1956 in a further effort to establish the HODS effect on translocation 
of foliar applied Fe. This experiment was similar to experiment I 
with the exception that no chelates were usedo A randomized complete 
block design with eight treatments and four replications was utilizedo 
The beans were started and grown as noted in the general procemtres. 
The differential pH and HC03 treatments were introduced on September 17th. 
The follo~ing day radio-iron was applied in a reservoir of lanolin and 
lamp black stamped on the center leaflet of the first trifoliolate · 
leaf. Harvesting was done 24 hours latero One plant from each 
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Table 13. The movement of Fe59 from ~an primary leaves as influenced 
by petiole injections of ~ater, sodium fluoride, and 
bicarbonate 
total pgm % of total Fe in each 
fe trans. Elant p3.rt 
Treatment Reps. X 1o2 roots stem & upper 
oppo leaves 
rim. 
water 1 20o98 46.97 27.26 25.77 
2 U.92 52.52 21 o92 25.56 
3 3.68 51.39 24.94 23.68 
0.25 M Naf 1 5.28 20.45 4lo10 3e.4s 
2 7o00 38o 73 40.92 20o34 
3 5.19 25ol8 17 0 32 51.50 
20 me o /1. NaOCO:s 1 6 .28 31.71 27o09 41.20 
2 13.88 30.00 29o92 40o09 
3 6.22 58.72 23.99 17.29 
100 rne./1. NaOC03 1 3.84 60 0 92 30 0 39 30.39 
2 20.60 47.14 24. 01 28. 85 
3 7.42 50.44 28.59 20.97 
100 me./1. Nal£0:3 1 4 0 64 34.59 46 .04 19.36 
chel in co1n. 2 15o03 33.97 26.79 39.25 
3 228.64 4.45 92.34 3.21 
Analysis of Variance 
Mean S~tares 
Source of d.fo total )..lQJ!lS roots stem & upper 
variation Fe X 162 opp. leaves 
rim. 
total 14 3,235.44 240 0 98 325.25 168.93 
replications 2 2,599 .,46 7.59 827.76 68.24 
treatments 4 3,2440 61 490.12 463o 86 151.17 
error 8 3,389o84 174.76 130.32 202.98 
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treatment was pressed for autoradi ograms. The pH of the solutions vas 
measured and recorded at harvest time but analysis was not mde for 
actual ~ content. 
The data and statistical analysis of this experiment are given in 
table 14 and 15. High variation bet~een replications is noted thDough-
out all treatments and no significant differences are shown from the 
statistical analysis. With reference to table 14, occasional trends 
are noted by averaging the 4 replications. These trends indicate that 
increasing levels of HC03 decrease the movement of Fe to young leaves 
and increase the amount of translocated Fe retained in the treated 
petiole and older leaves. The autoradiograms illustrated in figure 11 
suggest that translocation of foliar applied Fe increases with rising 
pH at a constant H:03 level of the growth mediao This is in keeping 
with expectations since previous experiments revealed a decrease in 
the HC03 content of expressed sap under similar condi tionso 
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Table 14 o The movement of fe59 from bean trifolio1ate leaves as 
influenced by the pH, and bicarbonate concentration of the 
growth media 
Treatment Total p pms 
pH NaHC03 Rep. Fe trans o roots stems Primo tro + upner 
xlo2 leaves leaf leaves 
me. 1. 
1 11.74 24. 60 1'1. 52 1o30 21 . ~7 38o00 
7o8 0 2 8.85 23.09 15.19 14 . 69 13. 83 33.21 
3 9.99 23o90 25.22 1.43 32. 60 1£ . 85 
4 13.14 39o74 4o96 1.80 41.77 11.72 
1 7o85 49 • .2.2 14 . 21 1.94 20o41 14 • .21 
7 0 8 10 .2 9 . 43 .29 .14 14 .17 4. 88 .29.37 .22.45 
3 29o36 14.74 11. 69 .2 .12 59o09 12o36 
4 58o 73 32.63 2G . 57 2. 57 16.03 21.90 
1 14o51 53 .14 10. 98 3. 87 13o51 18. 23 
7o8 30 .2 7 • .29 24.07 14. 95 17o94 .27 .oo 15o.25 
3 13o67 12 .64 16 .67 2.8.2 55ol5 12o 7.2 
4 6o90 llol8 18o38 7.06 41 . '!7 .21.91 
1 17.65 26 . 48 17.36 3.91 29o27 22o99 
7o8 50 .2 1.2.17 35.63 17.49 6.05 .25 . 61 15 • .2.2 
3 8o98 .27o08 7o35 140 58 44o73 6 • .25 
4 10. 73 26 . 74 17. 89 5.42 32. 92 17o03 
1 7o18 31.00 15o43 llo06 27o51 14o99 
7o3 10 .2 12.62 .27o 25 21o82 lo.27 26.15 23.51 
3 lloll 10o48 10o07 .2.88 65 • .26 llo31 
4 17o9 40. 60 .21o37 5.20 15o32 17.51 
1 14. 95 35 . 67 9. 51 33.16 15ol3 6 .54 
7oS 10 2 11.60 11.21 14 o69 2o8.2 64. 50 6 o78 
3 9.63 33.67 19. 05 4o99 28. 68 13o61 
4 13 .08 57. 58 10 0 72 2o04 17o66 12o00 
1 llo7.2 26ol4 14. :56 £! . 91 32o29 22.30 
7o8 10 .2 9 . 27 34 . 61 .25 . 86 2o 46 22o91 14.16 
3 14.66 29 . 88 17.02 6 .20 33o65 13o.25 
4 4.99 .29.98 17.17 3. 56 .27.25 .22.01 
1 4. 89 26o27 10.78 10.98 41.96 10.00 
8o3 10 .2 8. 47 38o31 17.07 3o03 30 . 97 10 . 6.2 
3 13.14 .26.53 15o9.2 16o00 .20.56 20o98 
4 36.86 14.25 12oll lo63 48.22 23o79 
i Includes the petiole and remaining leaf blades of the treated 
tri 1'0 1i ola teo 
-· 
Table 15. The analysis of variance of total Fe tr~1slocated, and per cent of the total Fe contained 
by various portions of the plant in beans 
Mean sqUa.res~-~-~-~-~~ 
Source of d. f. total}!~· roots stems prim. tr. + upper 
variation Fe x to2 leaves leaf leaves 
total 31 10? .611 133.190 24.454 45.409 208o379 50.731 
replications 3 168.078 207.721 25.258 36.n8 433.979 46.528 
treatments 7 114.357 35.759 11.832 26.200 29.172 68.832 
error 21 96 0 725 155.019 30.023 53.052 235.686 45.301 
t Includes the remaining leaf blades and petiole of the treated trifoliolate 
~ 
pH 7.3 pH 7 0 5 pH 8 0 3 
Figure 11. Radioautogram prints of bean plants sho~ing enhanced Fe translocation with 
increasing pH of the external solution at a constant HCO~ level of 10 me./1 
m 
~ 
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DISCUSSION 
It is a well established fact that !£03 is a normal component of 
all soil solutions. The HC03 is derived from co2 dissolving in the 
soil solution and reacting with such soil constituents as calcium and 
magnesium-carbonates and phosphateso The CC>z of the soil atmosphere 
comes predominantly from plant roots and soil microorganisms; the 
amount increasing with a hinderance of proper soil aeration. It is, 
therefore, evident that calcareous soils have greater potentials of 
HC~ accuMUlation than non-calcareous soils. 
Bicarbonate-induced chlorosis symptoms are analogous to lime-
induced chlorosis symptoms (Wadleigh and Brown, 195.2; Harley and 
Lindner, 1945; Lindsay and Thorne , 1954)o However, Bernstein (1956) 
stated that bicarbonate-induced chlorosis and lime-induced chlorosis 
appeared to have separate effectso He obse rved that in the case of 
bicarbonate-induced chlorosis the addition of chelates corrected the 
chlorosis but di d not i mprove the gro~th. Chelatescorrected both 
chlorosis and growth when supplied to plants with lime-induced chloro-
siso However, the work of Wallace (1956) showed no evidence to indicate 
that OCOS causes a metabolic di stur:tance in plants that cannot be 
corrected Qy addition of more iron. The HC~ did, however, result in 
a lower iron :ontent of shoots in all treatmentso 
The results of this stttriy have shown that as the HC03 concentra-
tion of the growth media increases at a constant pH level, the pH 
and HC03 content of the expressed r oot sap increase~ significantly in 
both beans and corno This increase is very nearly linear for pH and 
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1£03. It is noted from the data that corn had a greater shift in HCQ3 
concentration of sap than the beans, whereas the beans had a greater 
increment change in pH of the sap. This wottld indicate that the com 
sap had a better buffer capacity loll thin the pH range encountered during 
these studleso Contrary to expectations is the fact that the H:"3 level 
of corn sap, a chlorosis-resistant species, is nearly double that of 
the chlorosis-susceptible bean. HO\olever, since the pH of the corn sap 
was also higher than that of the bean, the high }0)3 can be accounted 
~J.;U 
for Qy virt~e of the Hendersen-Hasselbach relationship. 
It has been noted that pla.nt species differ in their sap pH 
depending on their metabolic system and that response to liming and 
other changes in external conditions is correlated with the ruffer 
capacities of the specific plant sap (Small, 1946). A review of previous 
work done on the pH of plant sap indicates a tendency for chlorosis 
resistant species to have a higher- sap pH than susceptible species 
(Small, 1946; Hurd, 1936; Thornton, 1933)o In previous studies of 
sap pH, little or no effort has been made to prevent gaseous diffusion 
of COz from the sap to the atmosphereo Preliminary invest! gati on of 
this work showed that expressed sap collecte~ under oi 1 changed about 
~.2-ooS pH tmits when exposed to the atmosphere for a period of one.half 
hour. Taking t his fact into consideration, it would appear that most of 
the pH values recorded in the literature are more a measure of the plant • s 
l:u!fer CSJ.8ci ty than of the true sap pH of intact. plants. Had the 
above-mentioned precatttions been taken by previous workers in measuring 
sap pH, the pH differences between sap of chlorosis re'sistant and 
susceptible plant species would conceivably have been more noticeable. 
Since the solubility of Fe decreases with increasing pH, plants 
vi th a high internal pH would be expected to soov iron deficiency 
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symptoms more readily than plants with a lower internal pH. Furthermore, 
in light of the work by Brown (1953), Fritz and Beevers (1955), and 
Honda (1955), it seems plausible that chlorosis susceptible plant species 
have predominantly an iron-requiring terminal oxidase enzyme system; 
1o1hereas copper-re(l1ti ring metabolic system predominates in the chlorosis 
resistant species. The work of Honda (1955) indicates that the ascorbic 
oxidase (a copper-protein enzyme) system functions at a higher pH than 
the cytochrome oxidase (an iron enzyme) system. From the foregoing 
discussion it would seem that as the pH of the sap increased as a 
consequence of the HCQ3 influences, the iron soluhility decreases with 
a resulting upset of the cytochrome oxidase system. This would initiate 
iron deficiency symptoJIIS in the chlorosis susceptible plant species, 
and activate the ascorbic oxidase metabolic systems in the chlorosis 
resistant species. 
With the limited inforrnati on obtained from two plant species, the 
resistance or susceptibility to lime-induced chlorosis does not seem to 
be inherent with the ability of various species to limit the uptake of 
It::Oj from the growth ~dia. 
At constant H:03, varying the pH in the nutrient solution seemed 
to have a unique effect on the expressed sap. As the pH of the nutrient 
solution 1o1as increased from 7.3 to 8.3 at a constant HCQ3 level of 
10 me./1., the pH and HC03 concentration of the expressed sap decreased 
significantly in a linear manner in both com and beanso At first 
glance, these results seem to be the reverse of vhat would be expected; 
however, further consideration of the actual factors involved lends 
a plausible explanation. The solutions that were maintained at the 
lower pH's were done so by increasing the per cent of COz utilized in 
the aeration stream; the solutions of highest pH were aerated with 
airo This increase of COz pressure in the growth media is e~tivalent 
to higher a~tnts of HC~; hence, the solutions of lower pH had an 
additional effect due to the increased COz pressure. 
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The primary effect of HC03 and COz has been related to the proto-
plasmic consistancy of the absorbing cells of the roots, thus giving 
a conse~1ent increase in the ratio of monovalent to divalent cations 
accumulated (Jacobs, 1922; Wadleigh and Brown, 1952)o Ulrich (1955), 
studying the effects of varim1s salts on excised barley roots, noted 
that salts containing HC03 had greater effects than ~1y other salt in 
decreasing the respiratory ~oti ent, increasing the sap pH, increasing 
the total organic acids, giving excess cations over anions, and causing 
greater change in the individual organic acidso From the foregoing 
discussion, it appears that increased levels of HCD3 and co2 in the 
root media would upset the metabolism of the cells giving an unbalance 
of cations and organic acids with a conse~tent increase in sap pHo 
Porter and Thorne (1955) attempted to segregate the pH and HC03 
effects on plant chlorosis. They noted that with pH of the solution 
otltures held const~1t , increases in the HC03 concentration resulted 
in significant increases in chlorosis; however, with the I-C03 held 
constant, the chlorosis decreased slightly with ~ecreasing pH of the 
nutrient solution. This decrease in chlorosis, however, was not 
statistically significant. It was concluded that the HC03 and not the 
pH was the primary causitive factor in lime-induced chlorosiso 
The work presented in this paper provides information to show that 
while the pH and HC03 effects can hypothetically be separated in the 
nutrient solution, they are actually inseparable when considering the 
pH and OC03 concentrations of the expressed sap. The external 1£03 
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has a ruch greater inflttence than the external pH on both the internal 
pH and OC03 concentration. Increases in internal JC03 are, however, 
associated with increases in internal pH whether these are caused by 
an increase in external HCOS or a decrease in external pH at a constant 
OC03. Hence, it is imposzible to isolate the influence of pH from the 
influence of l-C03 inside the cellso This knowledge shows that the 
interpretations given by Porter and Thome (1955) cannot be extended 
to evaluate pH and ~ interrelations within the planto 
Expansion of this work to include a large number of chlorosis 
susceptible and resistant plant species would be of great value in 
isolating the causitive factor or factors in lime-induced chlorosiso 
In future ...:orlt of thi::t nature, it vould be athisable to utilize treat-
ments consisting of varied HC03 levels at varied pH ' s (i.eo no co2 
USed for aeration) in an effort to separRte the COz effects from the 
HDD3 and pH effectso 
Translocation studi es of foliar applied iron revealed very little 
significance ~1e t o pH and HC03 concentrations of the sap. This is 
largely due to the great amount of variation encrnmtered between repli-
cations. Although no stati sti callJ' sign! fi ca'lt differences were 'lOted, 
certain trends were present indicating that the translocation vas 
hindered somevhat l:rj increases in the pH and OC03 concentration of the 
sap. Even thongh the pH and 1-C03 concentration of corn sap is higher 
than that of the bean, corn had hi2hly si gnificant increases in trans-
locatio~ over that of the beano Tl1i s can be correlated vi th the 
explanation given for the difference in metabolic function of chlorosis 
susceptible and chlorosis resistant plant species. 
The effect of adcting chelate to the nutrient solution was to 
eriliance the translocation of foliar applied Fe in nearly all caseso 
/ 
This indlcate.s that the chelate itself enters the plant and aids in 
the movement of iron. 
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Translocation studies of this type would be of great value in 
solving the numerous problems encountered with chlorosis; however, 
little can be accomplished until factors contrib1ting to variation can 
be controlledo Future work should have more replications, uniform 
controlled lighting, constant temperature, ru\d uniformity in all 
respects. 
From the result.s of this work and in the 1i ght of previous accomp-
lishments, the following interpretation of lime-induced chlorosis is 
suggested. The HCQ3 effects the ionic absorption causing an increase 
in the ratio of cations to anions accuroulatedo This excess of cations 
over anions in the plant stimulates t he production of organic acids 
with a resultant decrease in the respiratory quotient of the plant 
tissue involved (Ulrich, 1941). Although there is an overall increase 
in organic acids, the pH of the sap is raised because of the large 
excess of cations accumulated. This rise in sap pH, decreasing the 
solubility of iron, results in inhibited iron movement and eventua l 
precipitation of iron in plant tissues of hi gh pH. 
SUMMARY 
Solution culture experi rnents were conducted with lime-induced 
chlorosis susceptibl e and non-susceptible plant species to determine 
the effect of varied pH and HCQ3 concentrations of the growth media 
on the pH and HCO~ concentration of expressed root sap. A technique 
was deve loped by UJhich the HC03 existina as such COttl <i be determined 
in the expressJ sap of intact plants . 
10 
Increasing concentrations of 1£03 in s0lution cultures Il'lctintained 
at constant pH with varied COz pressures remtlted in highly signi f icant 
increases of both HC03 an? pH ~f expressed root sap in corn and beans. 
The pH and OC05 concentration of the expressed sap decrea sed si gnifi-
cantly in ooth plant species as the pH of the Ctllture solutions in-
creased from 7. 3 to 8. 3 at a constant HC03 level of 10 me . / 1. The 
treatments consistin~ of varied bicarbonate had greater effect on the 
pH and OC03 of the expressed sap than did the varied pH treatments . In 
all cases, t he pH and HC03 concentration of corn sap was shown to be 
s i gnificantly higher than that of the bean. These studies of the 
expressed root sap indicate that internally the pH and HC03 effects 
are inseparable. The resistance of certain pl ant species to lime-
induced chlorosis does not appear to be inherent· wi th their ability 
·to exclude the cptake of HCC~o 
Studies involving translocation of f o 1 i ar applied iron, in 
general, showed no statistically significant differences between 
treatments. This is la r ge ly acco,mtable tc the great aJ'Ilounts of 
variation encountered betvJeen replications . In practically all cases, 
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the addition of chelate to the culture solution enhances iron movement. 
Sli ~ht trends indicated inhibition of iron movement -w ith increasing pH 
and HC03 concentration of the plant sap. Translocation of iron in 
corn -was si gnificantly higher than in beans throughout the entire 
study. 
The results of this "'ork have been discussed in li ght of previous 
accomplishments, and a n~4 interpretation of lime-induced chlorosis 
has been suggestedo 
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